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~&&s. This study was designed to iflvesti~ate the value of 
noninvasive imaging m~aiities for the detention of ~~strn~tio~ in 
extra~al~tmc v~ltri~uiopuimonary conduits. 
~uc~~~~~~, the diagnosis of ohstructton in B conduit by 
noninvasIve methods can be ditlicult. Obstruction may be stEerit 
and gression unnoticed. Nt8cteRr Marietta resonance imep- 
tnft ( with velocit!, mlr9@g is 2 lew ncniovasiv* Eei%nique 
thri can provide high resolution images and has been shown to C 
a rellabie method of measuring blood Bow velocity. 
Methods. Two=dimensionai echocardiography, pulsed wave 
Boppier echocardiography and NMR spin echo imaging were used 
in 52 patients with an extracardiac veotricutoputmomary conduit. 
muous wave Doppler echocardiography was use 
lloppler color flow mapping in 26 and NM 
map&g in 12. Cardiac catheterization data were available in 27 
patients and operative or autopsy findings in 11. 
Resulls. The conduit could be assessed by ewo.dimenslonal and 
Accurate diagnosis of extracardiac ventriculopulmonary 
conduit obstruction by no$nvasive methods is difficult. 
Obstruction is silent and progresses slowly over the years, 
usually unnoticed by the physician because patients have no 
complaints (1). The physical examination reveals the pres- 
ence of an outflow murmur, often with a systolic thrill that 
may draw attention to obstruction. However, this is diEcult 
to quantify by bedside xamination a d the diagnosis i not 
helped by the electrocardiogram, which frequently shows 
complete right bundle branch block. The chest radiograph 
often shows calcification i  the conduit, but this finding also 
has a poor correlation with obstruction (2,::. ‘TWO- 
dimecsional echocardiography alone hes proved to be unre- 
liable (4) and pulsed wave Doppler echocardiography is not 
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much better because it relies on accurate localization ofthe 
jet, which is rarely achieved because of the very anterior 
position of the conduit (4). Continuous wave Doppier echo- 
cardiography can sometimes detect obstruction but may not 
define its level, especially where the narrowing is distal at 
the origins of the pulmonary artery b anches (4). Thus, the 
need for accurate diagnostic information prompted us to 
investigate he value of nuclear magnetic resonance (NMR) 
imaging in the assessment of extracardiac ventriculopuimc,. 
nary conduits and compare the information with that deter- 
mined by echocard+,r+y. The recently developed qr:an- 
titative technique ofNMR velocity mapping was used in the 
last 12 patients in the series. 
A basic understanding of the physics involved in NMR 
imaging is invaluable inappreciating the capabilities ofthe 
technique. Detailed escriptions have been published eise- 
where ($6). In brief, conventional images represent a map of 
the amplitude ofthe radiofrequency signal emitted by sensi- 
tive nuclei in the imaging plane under the influence of a static 
magnetic field and applied magnetic field gradients and 
radiofrequency pulses. Like any wave, however, the NMR 
signal possesses bofh phase and amplitude. The phase of the 
073%1097/92/%5.00 
0 Clinical Features of 52 
ale (no.) 
Female (no.) 
Age at operation (yr) 
Age at iaves~~~a~~o~ (yr) 
Op3eratiodinvestigation interval (mo) 
27 
25 
4 lo 30 (n;ean IO) 
13 TV 43 (mean 23) 
10 to 250 (mean $18) 
ia conventional i 
To measure the velocity of blood, it snecessary tohave 
a signal from it, because 
acquired. “When a s;pin e&o 
gives no signal and such images are not suitabie. The 
adient 
even e 
that allows accura 
to be made, even from rapidly moving blood (IO). 
validated the tec~ln~ques used and de 
Bow measurements in the aorta and pulmonary 
artery agree well with each ntner and with left and right 
ventricular stroke volume in normal bjects. A good corre- 
lation has been shown between NM flow measurement of 
venous return a d aortic flow (1415) and betwee w in the 
pulmonary trunk and its main branches (lo), Co risen of 
R velocity mapping of aortic and mitral flow shows a 
good correlation with Doppler ultrasound measurements 
(14,17). There is also good correlation in vitro (r = 0.996) 
for !he FEER technique calibrated against flow phantoms 
(W. 
Table 2. Clinical Diagnosis in 52 Patients 
Diagnosis NO. 
Complex pulmonary atresia 19 
Tetralogy of Failot with pulmonary atresia 16 
Truncus arteriosus 6 
Congenital corrected tE3rlspos$iXi of great arteries 3 
Transposition of great arteries with ventricular septal defect 2 
Double-outlet right ventricle 2 
Double-outiet ieft ventricle I 
Puimonary atresia with intact ventricular septum I 
Hemitruncus I 
Complete transposition of great arteries I 
lie 3. Type of ~~erat~~~ in 52 Patients 
Valved (no.) 
Aortic hsmograft with Dacron patch 
Aor& hom:jgaft with pericardium 
Aorlic homografr e!one 
Pulmonary bomografl with 
pericardium 
monary bomograft alone 
ncock tube 
Xenograft with dura mater patch 
Pericardial valve with pericardium 
Unvalved (no.) 
Pericardial tube 
20 
9 
? 
3 
2 
7 
I 
I 
2 
). Fifty-two consecutive 
val was <S years. The 
3O years (mean 10); at 
the time of investigation it ranged ween 13 and 43 years 
(mean 23) (Table I). 
The diagnosis was pulmonary atresia in 35 (67%), c
m0n arterial trunk in 7, corrected transposition f the g 
arteries in3, double-outset v ntricle in 3 and other diagnoses 
e 2). Two patients had a valveless 
conduits inserted, 4% were aortic 
ith or without Dacron or perica 
were other biologic valves, 
o&axis approaches. echanical scanners 
was performed in 30 patients. All the studies were recorded 
on 0.7%in. (I .9-cm) videotape. 
Two-dimensional echocardiographic assessment of the 
conduit was recorded as follows: 1) not seen (no!, when no 
part of the conduit could be imaged; 2) poorly seen (poor), 
Table 4. Type of Investigation in 52 Patients 
Two-dimensional echocardiograpby (no.) 
Pulsed wave Doppler 
ConGnuous wave Doppler 
Color How mapping 
Nuclear magnelic resonance imaging (no.! 
hi;;.:oxic imaging (spin echo) 
Velocity mapping 
Cardiac catheter with angiography (no.) 
52 
30 
26 
52 
12 
27 
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Table 5. Nonobstructed Right ~‘c,;:~rlilopulmonary Conduits in 32 Patients 
Pt Interval* Conduit CW Cath NMR VMR 
NO. (mo) ‘fype iljE CFM ( din i-i& (mm Hg) (mm) (mm Hg) Reop Death Comments 
I 128 AH -t T GOOd - - 
2 27 NV-P GOOd - 
3 27 NV-P 
7 IG AH 
9 138 AH + D 
10 42 AH t D 
II 80 AH + D 
12 32 AH + D 
IS 41 PH + P 
16 72 PV c P 
I7 128 Hanc 
18 70 AH + D 
I9 143 AH t D 
21 120 AH + D 
22 24 PH + P 
24 I7 Hanc 
25 60 AH 
?8 79 AH + P 
29 38 PH f P 
30 120 Hanc 
31 IS0 AH + D 
32 93 Xn + LJ 
Poor 
GOOd 
GOOd 
Fair 
Fair 
No 
Fair 
Fair 
None 
Poor 
No 
Poor 
Good 
Fair 
Fair 
Poor 
- 
- 
- 
- 
Poor 
- 
0 
- 
- 
- 
I5 
6 
- 
Fuir 
- 
Good 
Good 
Fair 
Fair 
Poor 
0 
- 
_s 
Poor 
- 
- 
- 
- 
_ 
- 
9 
II 
- 
- 
32 
- 
- 
35 181 AH Good Good 9 
37 217 AP t P Poor Poor 0 
36 91 Hant No 
40 30 PH t P Fair 
41 255 AH + D Poor 
42 50 AH t D No 
43 44 PH Fair 
44 56 AH ,t. B Fair 
Fair 0 
Poor Bad 
Poor 4 
Fair 16 
Good II 
43 89 AH t P Pair Good I4 
SI 214 AH + D NO Poor 20 
0 
0 
- 
0 
- 
0 
0 
- 
- 
0 
- 
0 
20 
39 
- 
0 
~ 
0 
- 
5 
- 
- 
- 
0 
0 
26 
27 
17 
21 
20 
18 
16 
18 
25 
26 
I5 
2s 
I9 
20 
_ 
I7 
20 
16 
27 
20 
23 
21 
26 
I5 
15 
I5 
13 
25 
14 
I5 
I5 
16 
- 
- 
- 
- 
~ 
- 
II 
- 
- 
- 
IO 
- 
- 
- 
- 
- 
- 
- 
-. 
- 
- 
- 
- 
- 
- 
- 
14 
25 
t 
t 
- 
- 
- 
t VSD 
- 
Conduit replaced, functioaiess 
valve, narrow RPA 
:35 mm Hg) 
Stage 3 operation, multiple PA 
stenoses 
CW: 36 native valve 
Claustrophobia 
Gradient at RPA (30 mm Hg) 
Gradient at RPA 
NMR: abandoned (metal spring) 
NMK: narrow WA, gradient at 
RPA (72 mm Wg) 
NMR: misinterpreted NMR: 
arrow RPA 
NMR: narrow LP4 .
NMR: narrow bifurcation, 
incomplete (chest deformity) 
*From operation to investigation. AH = aortic homograR: Cath = cardiac catheterization; CFM = Doppler color flow mapping; CW = continuous wave 
bpybr el;ha;&iog\uylry; D = dura mater; Hauc = Hancock conduit; MA = left puimonary anery; NUR = nuciear magnetic resonance diameter imaging; 
NV = n~nvalved conduit: P = pericardium; PA = pulmonary artery: PH = pulmonary homograft; Pt = patient; Reop = reoperation; RPA = right pulmonary 
artery; T = Teflon; VMR = nuclear magnetic resonance velocity mapping: 2 DE = two dimensional echocardiography; VSD = ventricular septal defect; Xn = 
xenogfaft: t = yes; - = no. 
when only one part (either proximal, valvular or distal) was 
seen; 3) partially seen (fair), when two parts were seen; and 
4) well seen (good), when the entire xtension ofthe conduit 
was displayed. 
Nuclear magnetic resonance imaging. The NMR imaging 
studies were performed by using a Picker International Vista 
MR2055 machine, operating at 0.5 tesla with electrocardio- 
graphic (ECG) gating. To display anatomy, spin echo imag- 
(TE 40 ms) was used in all patients to generate muitiple 
contiguous images in three orthogonal pl nes (coronal, sag- 
it&i and trausverse) with a slice thickness of lo mm. 
Measurements of the minimal diameter of the conduit 
in the different planes were made by using the leading 
edge method at the end of diastole. Cine imaging was 
performed inall patients in an oblique sagittal plane aligned 
with the conduit using the FEER sequence with a 6-ms echo 
time to study the shape and direction of the turbulent jet 
associated with stenosis. Quantitative measurement of peak 
velocity was performed byusing a short echo time FEER 
sequence (3.6 ms) in only the last 12 patients (Table 4). The 
imaging plane for the short echo time (3.6 ms) velocity 
mapping was rotated to allow in-plane velocity encoding 
alignment with the jet direction. The slice thickness for 
quantitative flow measurement was 6 mm. Peak velocity was 
measured by searching the jet region for the maximal pixels. 
Peak velocity pixels were accepted only if four or more 
pixels with comparable values were found. The modified 
Bernoulli equation (AP = 4Vz, where BP = the pressure 
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Hanc PQOK 
- 
6 
8 AH + D 
oor 
Fair 
Poor 
_ 
- 
- 
13 211 AH t P Poor Fair 
22 30 14 
_ 70 13 
64 58 19 - 
14 133 AH t D Poor - - 100 15 - 
20 59 AH t D None __ - 65 9 
23 233 
26 203 
24 153 
33 96 
34 250 
36 205 
39 201 
AH t P 
AH t P 
AH t D 
Hanc 
AH 
AH t D 
A 
Fair 
Fair 
Fair 
Poor 
Fair 
Poor 
Fair 
Fair 
Fair 
- 
- 
- 
- 
34 - I3 
21 45 13 
36 - 7 
- 126 IO 
- 32 8 
36 40 I4 
_p 55 16 
45 186 AH t D Poor Poor 45 36 13 40 
46 204 AH t D Good GOOd 28 - 16 27 
48 61 AH t D POW POX 4fl - 13 50 
49 93 A!! F2ir Fair 32 _- Ii 33 
50 108 AHtPtT Fair Fair 40 - 19 38 
52 209 AH Bad Fair M - 13 54 
Abbreviations as in Tabic 5. 
decrease across the stenosis [mm 
these died); one additional patient died before scheduled 
re 
ctioon. A conduit was considered to 
have significant obstruction ifi 1) Doppler ultrasound 
showed a calculated gradient across the outflow tract of the 
pulmonary ventricle >25 mm Hg or the ventricular pressure 
obtained from the tricuspid regurgitant signal was >50% of 
the systemic pressure measured by cuff sphygmomanome- 
ter, or both; 2) cardiac atheterization with several pullbacks 
showed apeak gradient >25 mm Hg and the pressure of the 
puimo ventricle was >50% of the systemic pressure; 
and 3) R imaging showed a minimal diameter along the 
conduit <:5@% of that meas~ed when implanted ora systolic 
gradient >25 mm Hg calculated from velocity mapping, or 
both. 
On this basis, 10 patients ubsequently underwent repeat 
operation, 6 for conduit valve obstruction, 1 for endocardiai 
peel at the proximal suture line, 1 for unilateral nd 1 for 
+ 
t 
- 
t 
t 
t 
t 
_. 
t 
- 
Cch~dL;? replaced. narrow 
valve 
NMR: misinterpreted. 
conduil replaced, 
narrow valve 
Conduit replaced, narrow 
valve t bifurcation 
Conduit replased, nari-nw 
valve 
Conduit replaced, kxrow 
valve t peel 
Conduit replaced, narrow 
valve 
NMR: narrow RPA 
Conduit replaced, narrow 
valve 
bilateral ~n~monary tery stenosis and I for closure of a 
een left open at the first 
ala are expressed as mean value I
nti~izing a ~tndent t est. 
een continuons wave oppler ec~ocardiog 
velocity mapping w subjected to linear 
regression analysis. 
The conduit was 
ily seen (usually the 
proximal segment) in20 (38%), poorly seen in 16 (31%) and 
not seen i  7 (14%). High parasternal short-axis views with 
some anticlockwise rotation toward the long axis gave the 
best results, but when echo-dense calcification was 
(as in most patients) false impressions of the obs 
were obtained. The distal part of the conduit near the 
pulmonary trunk bifurcation was t 
image. 
cardic$apby was of ii&ted va!uc. A tee nica!l,: satisfactory 
examination was achieved in only 11 patients (21%), in 2 
with the help of color flow mapping. Continuous wave 
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Figure I, Contiguous spin echo fTE 40 ms) transverse slices in a 
patient with a pericardial conduit (cl between the right ventricle and 
pulmonary artery. The slices are passing cranially through the great 
arteries. aa = ascending aorta; da = descending aorta: la = left 
atrium; s = superior vena cava. 
Doppler echocardiography was performed in 30 patients and 
adequate flow velocity profiles were obtained in 25 (83%). In 
three patients (Cases 4, 6 and 261, the gradient was under- 
estimated compared with catheterization findings. A gradi- 
ent >25 mm Hg was recorded in 12 patients. 
Doppler color flow mapping was performed in 26 patients. 
Flow in the entire conduit was well visualized in 5 patients 
(19%). partially visualized in 9 (35%) and pcSorly seen in I2 
(46%) :Tables 5 and 6). 
etic resonance imaging. Technically satis- 
factory im;fges wore acquired in 47 (90%) of the 52 patients. 
Two patients had incomplete studies (one with kyphoscoli- 
osis was unable to lie that [Case 441 and another refused to 
continue the study because of claustrophobia [Case 171. All 
patients had spin echo imaging for anatomic display (Fig. 1 
and 2). The minimal diameter of the conduit ranged from 7 to 
39 mm (mean 17.7 ‘-c 5.9). Figure 3 shows cardiac catheter- 
ization and NMR findings in 27 patients. In IO of 14 patients 
with no residual gradient, the minimal diameter was 
>I8 mm. One of these patients (Case 22) had an aneurysm of 
the pericardial tube containing a pulmonary homograft im- 
planted 5 years earlier for complex pulmonary atresia. The 
remaining four patients (Cases 17, 29, 37 and 44) had 
incomplete studies or the images were misinterpreted. For 
example, in one patient (Case 37) with an aortic homograft 
and pericardial conduit inserted 18 years previously for 
complex pulmociary atrtsia, the spin echo images gave the 
impressicn of stenosis at the valve level. On review, it was 
clear that the lumen was obscured by artifact and there was 
no signal loss on the FEER sequence images, which would 
Figure 2. Same patient as in Figure 1. Contiguous spin echo (TE 
40 ms) coronal slices showing the pericardial conduit (c) passing 
anteriorly through the ventricles and great arteries. a = ascending 
aorta; Iv = left ventricle: ra = right atrium: rv = right ventricle. 
be expected because of tbe turbulence generated distal to a 
stenosis. At cardiac catheterization, a gradient of 5 mm Hg 
ws found, but there w;s obstruction at the origin of the right 
pulmonary artery with a gradient of 30 mm Hg. 
Thirteen patients ha a catheterization 
gradient ranging from 22 to 120 mm Hg and 12 of these had 
a minimal diameter <18 mm measured on the spin echo 
images. No correlation between the size of the gradient and 
the minimal diameter was found. The 13th patient (Case 5) 
had a gradient of 50 mm Hg, a conduit diameter of 27 mm but 
with systolic signal loss on the FEER sequence. The chest 
radiograph showed heavy calcification, which could not be 
seen on NMR imaging. Twelve patients had NMR velocity 
Figure 3. Comparison between nuclear magnetic resonance (MRI) 
measurement of the conduit’s minimal diameter (mm) and catheter- 
ization pressure gradient (mm Hg) measurement. 
40 
I- 
--..______-____._ 
. 
35 P< 0.01 
30 
-I 
NO GRADIENT GRADIENT (22-120 mmHg) 
CATHEIER 
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. The field even echo rephasing (FEER) magnitude image 
(A) and corresponding velocity map (B) in a rotated sagittal plane to 
align the jet with vertical read gradient direction. in a patient with a 
conduit (arrow) from the right ventricle (rvj to the pulmonary artery 
(pa). The velocity map (peak systolic frame) (8) shows the upward 
velocity of the jet as black and flow down the descending aorta (d) as 
white. There is narrowing of the conduit and the velocity profile 
shows a peak \ Aocity in the conduit of 2.61 m/s (27 mm Hg). Other 
abbreviations as in Figures I and 2. 
mapping (Fig. 4). A good correlation was found between the 
gradients calculated from NMR imaging and continuous 
wave Doppler echocardiography data (Tables 5 and 6, Fig. 
3. 
Reoperation. Ten patients were reoperated on. In all 
cases, the situation found at operation had been correctly 
predicted by NMR imaging (Tab!es 5 and 6). 
0 10 20 30 40 50 60 70 
. Correlation (r = 0.95) between pressure gradient (mm 
estimated from nuclear magnetic resonance (MR) velocity mapping 
and continuous wave (CWj Doppler echocardiography. 
ecome obstructed at 
line, at the valve or by peel formation 
n tube (1920). The need to recognize 
re it leads to right ventricular dysf~~ct~o~ is 
thus obvious and noninvasive methods that can be per- 
formed on an outpatient basis and repeated as frequently as 
necessary are clearly preferable to cardiac catheterization. 
This study shows that two-dimensional echocardiography 
has only limited application, because the full extent of the 
conduit could only be visualized in 17% of the patients. The 
proximal pait of the conduit was easier to assess than the 
valve or the distal part (4j. V/hen the conduit was seen 
throughout its length, continuous wave Doppler echocar- 
diography was useful in assessing the degree of obstruction, 
but 
This technique has proved 
to be the best type of investigation. The images were 
excellent in 90% and a minimal diameter ~18 mm in an 
adolescent or adult correlated well with the presence of 
obstruction. The obstruction was missed in one patient 
(Case 5). whose obstruction was caused by calcific deposits 
that could not be seen on spin echo images. The advantage of 
R imaging in visualizing extracardiac conduit anatomy 
was previously reported (21) in a small group of patients. In 
the present study. a larger sample of patients was studied. In 
addition, tine NMR velocity mapping, used in the last I2 
patients, showed an excellent correlation with gradients 
measured invasively and noninvajively by Doppler meth- 
ods. The disadvantages of NMR imaging are its high cost and 
the refusal of some patients to enter the magnet because of 
claustrophobia; the latter has occurred in our unit in approx- 
imately 4% of patients. An implanted pacemaker is an 
absolute contraindication and the presence of arrhythmias. 
especially atrial fibrillation, results in poor quality images 
because of the effect of unequal cycle lengths 011 the ECG- 
gated image acquisition. Another drawback is the signal loss 
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that surrounds metallic objects, which can affect image data 
in relation to the supportive ring of a Hancock valve. 
Conclusion. We suggest that, in addition to routine con- 
ventional and Doppler echocardiography, NMR imaging 
with velocity mapping should be used if available as the 
imaging method of choice in the routine annual follow-up of 
all patients with a ventriculopulmonary conduit. 
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